The effects of the debinding atmosphere on the properties of sintered reaction-bonded Si 3 N 4 (SRBSN) ceramics prepared by tape casting method were investigated. Si green tape was produced from Si slurry of Si powder, using 11.5 wt% polyvinyl butyral as the organic binder and 35 wt% dioctyl phthalate as the plasticizer. The debinding process was conducted in air and N 2 atmospheres at 400°C for 4 h. The nitridation process of the debinded Si specimens was performed at 1450°C, followed by sintering at 1850°C and 20 MPa. The results revealed that the debinding atmosphere had a significant effect on Si 3 N 4 densification and thermal conductivity. Owing to the higher sintered density and larger grain size, the thermal conductivity of Si 3 N 4 specimens debinded in air was higher than that of the samples debinded in N 2 . Thus, debinding in air could be suitable for the manufacture of high-performance SRBSN substrates by tape casting.
Introduction
eat-dissipating substrates for high-power devices, which have recently gained considerable importance in the industry, require high strength, toughness, insulation, withstanding voltage, and thermal conductivity as well as low dielectric constant and pseudothermal expansion coefficient similar to those of Si chips and metal joining materials. In this context, non-oxide-based ceramics have been attracting increasing interest; in particular, Si 3 N 4 has been widely studied as a suitable material, owing to its properties, which include excellent thermal-shock and chemical resistances. [1] [2] [3] [4] [5] Although its thermal conductivity is relatively low, compared with that of commercially AlN, Si 3 N 4 can be advantageous for producing long-life and high-reliability devices, owing to its high mechanical strength and thermal-shock resistance.
6)
However, as Si 3 N 4 has a high product price, its actual applications are limited. 7) To solve this issue, several studies 2, [8] [9] [10] [11] [12] on reaction-bonded Si 3 N 4 (RBSN) [13] [14] have been conducted. RBSN is manufactured by using high-purity Si powder as raw material, and subjecting it to a reaction with N 2 after forming a green compact. [8] [9] RBSN can greatly improve the properties of Si 3 N 4 through structure densification and microstructure control; besides, its dimension can be easily controlled, owing to the low shrinkage rates and low unit costs of the manufacturing process. 15) Furthermore, the adoption of post-sintering methods allows producing materials such as sintered RBSN (SRBSN), 16, 17) whose properties are similar to those of Si 3 N 4 sintered by standard methods, increasing its potential commercialization.
1,2,16)
Among the different techniques for preparing green bodies, the tape casting method is widely used; it involves the preparation of a slurry by mixing ceramic powder with solvent and different organics in optimal ratios, subsequently depositing the slurry on the moving carrier film at a constant speed to form a slurry layer of uniform thickness. Preparation of uniform and highly charged green sheets is important to obtain defect-free and high-density sintered bodies by using the tape casting method.
18) Particularly, complete debinding of organic binders is essential, as residual organics act as impurities degrading the properties of the sintered body.
19)
Notably, until now, almost no reports on preparation of RBSN from Si powder by using the tape casting method have been published, although many studies on the application of tape casting to fabricate Si 3 N 4 have been conducted in the past. When preparing tape cast substrates by using Si powder, oxygen impurities (such as SiO 2 ) present on the surfaces of the starting raw material (Si powder) may flow in during the Si slurry manufacturing, tape casting, debinding, and other processing steps. 
21-22)
In a previous study, 23) RBSN substrates were prepared from Si powder-obtained as a byproduct of semiconductor manufacturing processes for the production of jigs or wafers-by using tape casting; the debinding process was optimized by investigating the residual carbon and oxygen contents upon variation of the debinding atmosphere and temperature, which are critical factors in the debinding process. Based on these previous results, in the present study, the effects of debinding atmosphere on nitridation, densification, and Si 3 N 4 properties (such as thermal conductivity) were investigated.
Experimental Procedure
In this work, Si powder with average particle size of 3 µm (Grade 4, >98.9%, VESTA Si Company, US) was ball milled at 250 rpm for 2 h in a planetary mill (Pulverisette, Fritsch, Germany) to improve its density and prepare it for the tape casting process. The scanning electron microscopy (SEM) micrographs in Fig. 1 show the morphology and particle size distribution of the ball-milled Si powder; the particle size was in the range of ~1 -2 µm, and the average particle size was measured to be 1.24 µm.
As sintering additives, Y 2 O 3 (Grade B, > 99.9%, H.C. Starck Company, Germany) and MgO (magnesium oxide, > 99.99%, Sigma-Aldrich Company, US) of ~2 µm and ~1 µm in average particle size, respectively, were used. Table 1 The preparation of the Si slurry for the tape casting process was conducted as follows. First, Si powder was mixed with Y 2 O 3 and MgO as sintering aids in a tubular mixer (KMC-T2 3D mixer, KMC, Korea) using zirconia balls; then, after adding organics and solvent, the mixture was ball milled at 100 rpm for 24 h to obtain the final slurry.
During the tape casting process, the slurry was poured into the doctor blade of the green sheet forming machine (WNT-7002S, NTENG Co. Ltd., Korea); the film was then moved to finally obtain a 100-µm-thick green sheet. Subsequently, 1-mm-thick laminated substrates were manufactured by applying a pressure of 33 MPa for 10 s after overlapping several green sheets in a stacking machine (TMP-1000, Techgen, Korea). To increase the green sheet density, the substrates were compressed for 10 min by applying a pressure of 20 MPa at 70 o C in a warm isostatic press (TWP-1000, Techgen, Korea). After compression, the substrates were cut into smaller pieces of 30 × 30 mm 2 by using a cutting machine (AMX-2100A, Automax, Korea).
To investigate the effects of the debinding atmosphere, the laminated Si substrates were subjected to debinding in air and N 2 atmospheres. The temperature was maintained at 400 o C for 4 h, with a temperature rise rate of 5 o C/min. The debinding processes in air and N 2 were conducted in a box-type electric furnace and in a tube-type electric furnace (HeeWoong ENG, Korea), respectively. In the case of the N 2 atmosphere, purity of class 5N was used at the flux of 1 L/ min.
For the nitriding process, temperatures were raised through several stages up to the range of ~1200 -1450 o C for 22 h, followed by furnace cooling down to room temperature, while using the a gas mixture of 95N 2 -5H 2 at the flux of 1 L/ min.
17)

Fig. 1. (a) SEM images and (b) particle size distributions of
Si powder used as a starting material. Si 3 N 4 substrates were completely covered using a 50 : 50 wt% mixture of Si 3 N 4 and BN powders, placed on a graphite crucible, and then sintered for 6 h in N 2 atmosphere at 20 MPa and up to 1850 o C at the temperature rise rate of 10 o C/min by using a hot isostatic press (AIP6-30H, AIP, US).
For the specimens subjected to the nitriding process, the nitriding ratio was determined by measuring the specimen weights before and after the nitriding reaction; the ratio of the amount of Si converted to Si 3 N 4 after nitriding reaction to the initial amount of Si in the green compact specimen was obtained. 1, 7) For the analysis of the α-Si 3 N 4 and β-Si 3 N 4 crystalline phases present in the specimens, X-ray diffraction (XRD) patterns were obtained after nitridation and sintering in the 2θ range of 20°-40° at 40 kV and 100 mA by using an X-ray diffractometer (D/max-2500, Rigaku, Japan).
To analyze the microstructures, the sintered specimens were polished and then examined by field-emission scanning electron microscopy (FE-SEM; JSM-6701F, Jeol, Japan) after the polished surface was etched by a plasma etcher. Using Archimedes' principle, the density of the Si 3 N 4 sintered bodies was measured, and thermal conductivity was determined by xenon flash analysis (XFA 600, Linseis, Germany). Thermal conductivity was calculated through the following equation; to reduce measurement errors, a mean value was used after three measurements:
where a(T) is the thermal diffusion coefficient (mm
), and C p (T) is the specific heat (J/gK).
Results and Discussion
The nitridation degree of the nitrided specimens was calculated after nitridation at 1450 o C following debinding in air and N 2 atmospheres ( Table 2 ). The degree of nitridation of the specimens debinded in air, 70.9%, was lower than that of the samples debinded in N 2 atmosphere, 72.6%. This result was attributed to the fact that, for the samples debinded in N 2 , the amount of SiO 2 layer on the Si particle surfaces was relatively smaller than that observed for the specimens debinded in air. When the amount of SiO 2 is small, a modest quantity of liquid phase is generated, resulting in the reduction of the blocking of the pore channels and leading to a relatively high degree of nitridation. Figure 2 shows the XRD patterns for specimens subjected to nitridation in different debinding atmospheres. Notably, α-Si 3 N 4 and β-Si 3 N 4 phases were formed through reactions of the Si phase with N 2 . Both specimens debinded in air and N 2 atmospheres showed similar patterns exhibiting α-Si 3 N 4 and β-Si 3 N 4 crystal phases. However, the β-Si 3 N 4 peak intensity for the specimen debinded in air was higher than that observed for the sample debinded in N 2 ; in addition, the intensities of the peaks of the secondary phases, i.e., Y 4 Si 2 O 7 N 2 and Y 2 Si 3 O 3 N 4 , which were formed from the reaction between SiO 2 and sintering aids, were found to be slightly higher for the air-debinded sample.
1)
Notably, although the nitridation appeared to have been fully accomplished because of the absence of residual Si peaks in the XRD patterns, the degrees of nitridation for both specimens were low, ~70%, as shown in Table 2 ; this could be attributed to various factors. The first factor involved the calculation of the degree of nitridation; this was obtained by including Si for which oxidation had progressed, while the calculation of the degree of nitridation is conducted considering unoxidized Si; as a result, the calculated degree of nitridation was lower than the actual degree of nitridation. The oxygen content in the laminated substrates after debinding was 5.3% in air and 4.2% in N 2 . Even when complete nitridation was assumed by calculating the content of pure unoxidized Si after excepting by 2.07% owing to the oxygen content in the sintering aid, the degree of nitridation was found to be ~94%.
The second factor was the amount of residual oxygen after the debinding process. According to the result of the thermogravimetric analysis on laminated substrates after debinding, an additional ~1% reduction of the weight occurred. The oxygen contained in the binder was considered to have decomposed during the nitridation process.
The third factor involved the reactions occurring at the oxidized Si layer or within Si near the surfaces upon nitridation. When the amount of residual oxygen in the specimen after nitridation was compared with that after debinding, reductions of 2.8% in air and 1.9% in N 2 were observed. Consequently, the following reactions may have occurred:
According to the above reactions, degrees of nitridation of 91.2% and ~94.2% were obtained when considering Eq. (2) for the specimens debinded in air and N 2 atmospheres, respectively, even when complete nitridation of Si occurred, while degrees of nitridation of ~75.9% and ~84.1% were calculated in the case of Eq. (3). Therefore, even if nitridation had actually occurred for most of Si, low degrees of nitridation were observed because of the weight reduction. Figure 3 shows the XRD patterns of Si 3 N 4 sintered in different debinding atmospheres. While the α-Si 3 N 4 and β-Si 3 N 4 crystal phases were present after nitridation, only the high-temperature β-Si 3 N 4 phase could be observed in all specimens after sintering, regardless of the debinding atmosphere. As in the case of the XRD patterns obtained after nitriding, although both specimens debinded in air and N 2 showed similar crystal phases, a slightly higher amount of Y 2 Si 3 O 3 N 4 secondary phase was observed for the sample debinded in air; this indicated that more secondary phase was formed upon reaction of the larger amount of residual oxygen present in the specimens debinded in air. Figure 4 shows the surface microstructures of polished and etched Si 3 N 4 sintered in different debinding atmospheres. For the polished surface, no pores could be observed, and dense microstructures were present in both specimens debinded in air and N 2 atmospheres. In addition, columnar grains of β-Si 3 N 4 as high-temperature phase were observed on the etched surfaces (Fig. 4(c, d) ). Although there were no significant differences between the two microstructures, the specimen debinded in air exhibited a relatively larger grain size than the sample debinded in N 2 . According to the measured grain size, the columnar grains in the sintered air-debinded specimen had a length of ~2 -4 µm and thickness of ~0.7 -1.2 µm, whereas those in the sintered N 2 -debinded specimens had a length of ~2 -3 µm and thickness of ~0.5 -0.9 µm. Thus, the columnar grains in the sintered air-debinded specimen exhibited relatively larger grain size. As shown in Fig. 2 , residual oxygen appeared to play a critical role in the liquid-phase sintering, as the SiO 2 XRD peak present after the nitridation process disappeared after sintering. According to the analysis conducted after nitridation, the oxygen content of the specimen debinded in air, 2.5%, was higher than that of the specimen debinded in N 2 , 2.3%. As the viscosity increased with the N/ O ratio of the liquid phase, it decreased when the oxygen content increased. This reduction in viscosity enhanced the flowability of the liquid phase; thus, not only a uniform phase transformation occurred throughout the whole specimen, but also the grain growth was affected. Therefore, relatively large amounts of liquid phase in air improve the sinterability, as they increase the grain size.
30)
Furthermore, the amount of carbon content of specimens debinded in N 2 was 0.2% larger than that of the specimens debinded in air, suggesting the possibility that the resultant generation of SiC obstructed the grain growth. Figure 5 shows the sintered densities and thermal conductivity values of Si 3 N 4 sintered in different debinding atmospheres. The relative sintered densities of the specimens debinded in air and N 2 atmospheres were 99.7% and 98.6%, respectively, revealing almost fully densified sintered samples. The thermal conductivity of the specimen debinded in air was 64.8 W/mK, a value higher than that of the specimen debinded in N 2 (50.1 W/mK). Although thermal conductivities are typically heavily affected by oxygen impurities, the higher thermal conductivity of the Si 3 N 4 specimen debinded in air was due to the higher sintered density and larger grain size, as the difference in residual oxygen content between the two specimens was only ~0.2%.
31-33)
Conclusions
In the present study, the effects of the debinding process on the sintered material properties of SRBSN substrates fabricated by the tape casting method were investigated by using different debinding atmospheres. According to the results, only the high-temperature β-Si 3 N 4 crystal phase was observed in all specimens after sintering, regardless of the debinding atmosphere, while α-Si 3 N 4 and β-Si 3 N 4 crystal phases were observed after nitriding. Furthermore, dense microstructures were obtained for samples debinded in both atmospheres, while the Si 3 N 4 grain size was relatively larger for specimens debinded in air. The sintered density of the specimens debinded in air was 99.7%, slightly higher than that of the specimens debinded in N 2 (98.6%). The thermal conductivities of the sintered bodies were 64.8 W/ mK and 50.1 W/mK for the specimens debinded in air and N 2 , respectively; the relatively higher thermal conductivity of the specimen debinded in air was attributed to its higher sintered density and larger grain size.
